Abstract. Tropospheric chemistry and air quality processes were implemented on-line in the Global Environmental Multiscale weather prediction model. The integrated model, GEM-AQ, was developed as a platform to investigate chemical weather at scales from global to urban. The current chemical mechanism is comprised of 50 gas-phase species, 116 chemical and 19 photolysis reactions, and is complemented by a sectional aerosol module with 5 aerosols types. All tracers are advected using the semi-Lagrangian scheme native to GEM. The vertical transport includes parameterized subgridscale turbulence and large scale deep convection. Dry deposition is included as a flux boundary condition in the vertical diffusion equation. Wet deposition of gas-phase species is treated in a simplified way, and only below-cloud scavenging is considered. The emissions used include yearly-averaged anthropogenic, and monthly-averaged biogenic, ocean, soil, and biomass burning emission fluxes, as well as NO x from lightning. In order to evaluate the ability to simulate seasonal variations and regional distributions of trace gases such as ozone, nitrogen dioxide and carbon monoxide, the model was run for a period of five years (2001)(2002)(2003)(2004)(2005) brid levels extending up to 10 hPa. Model results were compared with observations from satellites, aircraft measurement campaigns and balloon sondes. We find that GEM-AQ is able to capture the spatial details of the chemical fields in the middle and lower troposphere. The modelled ozone consistently shows good agreement with observations, except over tropical oceans. The comparison of carbon monoxide and nitrogen dioxide with satellite measurements emphasizes the need for more accurate, year-specific emissions fluxes for biomass burning and anthropogenic sources. Other species also compare well with available observations.
The integrated model, which we here call GEM-AQ, serves as a platform for performing scientific studies on processes and applications. The GEM-AQ model has been run in a number of configurations ranging from a global uniform domain (this study), global variable resolution for regional scenarios (O'Neill et al., 2006) , to high resolution studies (Struzewska and Kaminski, 2008) . GEM-AQ has also been augmented to study persistent organic pollutants (POPs) globally Huang et al., 2007) . In these studies, GEM-AQ showed good agreement with observations of aerosol optical properties, gaseous species concentrations, and seasonal variation of POPs in the atmosphere.
GEM-AQ was run for 5 years (2001-2005) on a global uniform 1.5 • ×1.5 • resolution domain (240×120 grid points) and 28 hybrid levels extending to 10 hPa. The objectives of this simulation were to derive a multi-year model climatology, to examine seasonal variation and regional distribution, to evaluate global emissions, and to provide chemical initial and boundary conditions for high resolution model simulations.
In order to evaluate the model, we compared simulated ozone with ozonesonde observations from SHADOZ (Southern Hemisphere ADditional OZonesondes) (Thompson et al., 2003a,b) as well as climatological ozonesonde observations (Logan, 1999) , GOME (Global Ozone Monitoring Experiment) satellite observations (Burrows et al., 1999) and surface station data (World Data Centre for Greenhouse Gases, http://gaw.kishou.go.jp/wdcgg.html). Modelled nitrogen dioxide is compared with SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric Chartography) satellite observations (Burrows et al., 1995; Bovensmann et al., 1999) and measurements from the TRACE-A (Transport and Atmospheric Chemistry near the EquatorAtlantic) (Fishman et al., 1996) are used to evaluate species such as nitric acid, hydrogen peroxide and others. Modelled CO concentrations are compared with MOPITT (Measurements Of Pollution In The Troposphere) (Drummond, 1992; Drummond and Mand, 1996) satellite data.
Comparison with the satellite data provides a global and seasonal perspective on model performance and characteristics at appropriate resolution. The species that we have chosen to compare with from the aircraft campaigns are generally not available from satellites. We felt it necessary to consider a general (but not detailed, i.e. with correct meteorological conditions) comparison with aircraft campaigns as it provides an important check on chemical performance of the model.
Modelling approach
In order to develop an air quality modelling system which can accommodate various scales and processes, we used the GEM model as a computational platform and environmental processes were implemented on-line. Similar implementation of environmental processes is done in WRF/Chem (Weather Research and Forecasting model with Chemistry) (Grell et al., 2005) , MC2-AQ (Mesoscale Compressible Community model with Air Quality) (Kaminski et al., 2002) , MESSy (Modular Earth Submodel System) (Jöckel et al., 2006) , RAMS (Regional Atmospheric Modeling System) (Marécal et al., 2006) and Méso-nh (non-hydrostatic mesoscale atmospheric model) (Tulet et al., 2003) . The on-line implementation of environmental processes in the GEM model allows us to run in global uniform, global variable, and limited area configurations, allowing for multiscale chemical weather modelling. This approach provides access to all required dynamics and physics fields for chemistry at every time step. The on-line implementation of chemistry and aerosol processes allows feedback on model dynamics and physics. The use of the GEM framework permits the incorporation of chemical data assimilation techniques into the model validation and application studies in a unified fashion.
The developed modelling system can be used to plan field campaigns, interpret measurements, and provide the capacity for forecasting oxidants, particulate matter and toxics. Also, it can be used to provide guidance to evaluate exposure studies for people, animals, crops and forests, and possibly for epidemiological studies. 3258 J. W. Kaminski et al.: GEM-AQ Evaluation Fig. 3 . GEM-AQ, GOME and GOME-GEM differences of tropospheric column ozone for April, July and October, 2001.
Host meteorological model
The host meteorological model used for air quality studies is the Global Environmental Multiscale (GEM) model. GEM can be configured to simulate atmospheric processes over a broad range of scales, from the global scale down to the meso-γ scale (2-20 km).
Model dynamics
The set of non-hydrostatic Euler equations (with a switch to revert to the hydrostatic primitive equations) maintains the model's dynamical validity right down to the meso-γ scales. The time discretization of the model dynamics is fully implicit, 2 time-level (Côté et al., 1998a,b) .
The spatial discretization for the adjustment step employs a staggered Arakawa C grid that is spatially offset by half a mesh length in the meridional direction with respect to that employed in previous model formulations. The spatial discretization is accurate to second order, whereas the interpolations for the semi-Lagrangian advection are of fourth-order accuracy, except for the trajectory estimation (Yeh et al., 2002) . The vertical diffusion of momentum, heat and tracers is a fully implicit scheme based on turbulent kinetic energy . GEM version 3.1.2 was used in the current study.
Model physics
The physics package consists of a comprehensive set of physical parameterization schemes Mailhot et al., 1989; Mailhot, 1994) . Specifically, the planetary boundary layer is based on a prognostic equation for turbulent kinetic energy . Shallow convection is simulated using a method described by Mailhot (1994) and is treated as a special case of the turbulent planetary boundary layer to include the saturated case in the absence of precipitation. Over land, in this version, the surface temperature is calculated using the force-restore method (Deardorff, 1978; Benoît et al., 1989) combined with a stratified surface layer. Deep convective processes are handled by a Kuo-type convective parameterization (Kuo, 1974; Mailhot et al., 1989) for the resolutions that we have adopted for this study. Grid scale clouds are produced by the shallow and deep convection parameterizations as well as the condensation parameterization based on the scheme proposed by Sundqvist (1978 Sundqvist ( , 1981 for stratiform clouds. The infrared radiation scheme (Garand, 1983; Garand and Mailhot, 1990; Yu et al., 1997) includes the effects of water vapour, carbon dioxide, ozone, and clouds. The solar radiation scheme follows the method described by Fouquart and Bonnel (1980) . Gravity wave drag parameterization is based on a simplified linear theory for vertically propagating gravity waves generated in statically stable flow over mesoscale orographic variations (McFarlane, 1987; McLandress and McFarlane, 1993) . GEM physics package version 4.2 was used in the current study.
Air quality modules
Air quality modules are implemented on-line in the host meteorological model. Currently, there are 35 advected and 15 non-advected gas phase species in the model, shown in Table A1. Transport of the chemically active tracers by the resolved circulation is calculated using the semi-Lagrangian advection scheme native to GEM. The vertical transfer of trace species due to subgrid-scale turbulence is parameterized using eddy diffusion calculated by the host meteorological model. Convective transport of chemical tracers is done with the mass flux scheme of Zhang and McFarlane (1995) in this version of GEM-AQ, since the Kuo scheme, from the host meteorological model, is not a mass flux scheme and is not readily adaptable for tracers.
Gas phase chemistry
The gas-phase chemistry mechanism currently used in the GEM-AQ model is based on a modification of version two of the Acid Deposition and Oxidants Model (ADOM) (Venkatram et al., 1988) , derived from the condensed mechanism of Lurmann et al. (1986) . In order to account for background tropospheric chemistry the ADOM-II mechanism has been expanded to include 4 additional species (CH 3 OOH, CH 3 OH, CH 3 O 2 and CH 3 CO 3 H) and 22 reactions. The modified mechanism is comprised of 50 species, 116 chemical and 19 photolysis reactions, and is complemented by a sectional aerosol module with 5 aerosols types. The time evolution of all species is solved using a mass-conserving implicit time stepping discretization, with the solution obtained using Newton's method. Heterogeneous hydrolysis of N 2 O 5 is calculated using the on-line distribution of aerosol. The list of chemical and photolysis reactions is given in Table A2 and Table A3 , respectively. Although the model meteorology is calculated to 10 hPa, the focus of the chemistry is in the troposphere, where species are transported throughout the domain. To avoid the overhead of stratospheric chemistry in this version of the model (a combined stratospheric/tropospheric chemical scheme is currently being developed) we replaced O 3 , NO, NO 2 , HNO 3 , HNO 4 , and N 2 O 5 fields with climatologies above 100 hPa (6 model levels) after each transport time step. This ensures a reasonable upper boundary while ensuring that the transport of ozone and NO y fields to the troposphere is well characterised by the model dynamics. For ozone we used the HALOE (Halogen Occultation Experiment) climatology (e.g. Hervig et al., 1993) , while NO y fields are taken from CMAM (Canadian Middle Atmosphere Model) (e.g. de Grandpré et al., 2000) .
Photolysis rates (J values) are calculated on-line at every chemical time step using the method described by Landgraf and Crutzen (1998) . In this method, radiative transfer calculations are done using a delta-two stream approximation for 8 spectral intervals in the UV and visible applying precalculated effective absorption cross sections. This method also allows for scattering by cloud droplets and for clouds to be present over a fraction of a grid cell. Both cloud cover and water content are provided by the host meteorological model. The J value package used, based on the above method, was developed for MESSy (Jöckel et al., 2006) and has been implemented in GEM-AQ.
Aerosol package
The current version of GEM-AQ has 5 size-resolved aerosol types, viz. sea salt, sulphate, black carbon, organic carbon and dust. The microphysical processes which describe formation and transformation of aerosols are calculated by a sectional aerosol module (Gong et al., 2003) . The particle mass is distributed into 12 logarithmically spaced bins from 0.005 to 10.24 microns radius. This size distribution leads to an additional 60 advected tracers. The following aerosol processes are accounted for in the aerosol module: nucleation, condensation, coagulation, sedimentation and dry deposition, in-cloud oxidation of SO 2 , in-cloud scavenging, and below-cloud scavenging by rain and snow. The calculated aerosol surface area is used to calculate the reaction rate of the heterogeneous hydrolysis of N 2 O 5 . Results from the aerosol module and GEM-AQ evaluation will be the focus of another study.
Gas-phase removal processes
The effects of dry deposition are included as a flux boundary condition in the vertical diffusion equation. Dry deposition velocities are calculated from a 'big leaf' multiple resistance model (Wesely, 1989; Zhang et al., 2002) with aerodynamic, quasi-laminar layer, and surface resistances acting in series. The process assumes 15 land-use types and takes snow cover into account.
GEM-AQ only has a simplified aqueous phase reaction module for oxidation of SO 2 to sulphate. Thus, for the gas phase species, wet deposition processes are treated in a simplified way. Only below-cloud scavenging of gas phase species is considered in the model. The efficiency of the rainout is assumed to be proportional to the precipitation rate and a species-specific scavenging coefficient. The coefficients applied are the same as those used in the MATCH model (Multiscale Atmospheric Transport and Chemistry Model) used by the Swedish Meteorological and Hydrological Institute (SMHI) (Langner et al., 1998 ).
Emissions
The emission dataset used for global simulations was compiled using EDGAR 2.0 (Emission Database for Global Atmospheric Research, for 1990 base inventory year) and GEIA (Global Emissions Inventory Activity) global inventories (Olivier et al., 1999; Olivier and Berdowski, 2001 ). The EDGAR 2.0 inventory was chosen for its detailed information on non-methane volatile organic compound speciation. Emission data compiled for GEM-AQ include global fields of anthropogenic emission fluxes with 1 • ×1 • resolution and natural emissions with 5 • ×5 • resolution. Emission fields were regridded to the model grid and mass flux conservation was ensured. Yearly averaged anthropogenic emissions contain different industrial sectors and non-industrial activity such as burning of agricultural wastes and fuel wood for 14 gaseous pollutants. Monthly averaged biogenic, ocean and soil emission fluxes, as well as biomass burning (forest and savannah) emissions, have been derived for 9 species (7 VOC species, CO and NO). The various species for which emissions are included, along with source type, viz. anthropogenic combustion, biomass burning, are given in Table A4 .
Inter-annual variability of emissions was not considered in the present study. In the upper troposphere/lower stratosphere region (UT/LS) sources of NO x are small, from large scale convective updrafts, stratospheric sources, aircraft and lightning. The GEIA inventory for lightning NO x (LNO x ) emissions gives a global total of 12.2 Tg/year. Previous model simulations of GEM-AQ indicated that inclusion of these levels of LNO x produced too much ozone in the UT, which suggested a reduction would be appropriate. This is consistent with the estimate from Schumann and Huntrieser (2007) of 2-8 Tg/year. Based on a qualitative comparison with the SHADOZ ozonesondes we determined that an estimate of 2 Tg/year would give reasonable results. The monthly mean totals from the GEIA inventory were scaled to give the total of 2 Tg/year. These emissions were placed in the horizontal according to the convective cloud field from the Kuo deep convection parameterization and then distributed in the vertical according to the profiles given in Pickering et al. (1993) . These profiles differ for tropical (between 30 • N and 30 • S) marine and continental grid points and midlatitude grid points. One weakness of this method is that the intensity of the convection is not taken into account. Storms over continents produce more lightning than over the ocean, resulting in an excess of emissions over the oceans and not enough over the continents. No aircraft emissions were used in the present simulations. 
Model simulation and results
For the simulations carried out in the current study, the model was configured with 28 hybrid vertical levels (Laprise and Girard, 1990) with the model top at 10 hPa. A sponge layer is present to prevent reflected waves at the top of the model and acts on the top model level. The horizontal model grid was set as non-rotated uniformresolution latitude-longitude mesh with a grid spacing of 1.5 • , resulting in 240 by 120 grid points on a sphere. The model time step was set to 1800 seconds for dynamics, physics and air quality processes. Meteorological initial conditions were taken from the Canadian Meteorological Centre global assimilation system (Gauthier et al., 1999 Laroche et al., 2007) . The GEM-AQ model was run in 24 h forecast segments starting from 6-h trial fields generated in a separate GEM execution. This setup resulted in meteorological fields being forced to observations once a day.
The chemical initial conditions used to initiate the model for the first time were generated from several sources. Chemical fields in the upper troposphere and lower stratosphere were taken from the CMAM model (de Grandpré et al., 2000) for January. In order to create a balanced and realistic chemical state, GEM-AQ was spun up for 6 months starting from July 1, 2000. This initial period was not used in the analysis of model results. In addition, a number of fields and parameters are needed to specify surface characteristics. These were obtained from analysed monthly climatological and geophysical datasets and include surface roughness, land-sea mask, albedo, deep soil temperature, ice cover, and topogra- phy. The surface roughness length is influenced by topography, land use, snow and ice cover. Climatological fields are monthly, but they do not vary from year to year. Also, we use assimilated sea surface temperature in the model.
Ozone
One of the basic species which drives tropospheric chemistry is ozone and so it is essential for a model to provide a reasonable spatial and temporal representation of the 3-D ozone field. Thus we have compared seasonally averaged GEM-AQ model ozone profiles from 2001-2005 with ozonesonde data compiled by Logan (1999) for the 1980s and 1990s. The comparison of ozonesondes with model results consistently shows good agreement with the observations, although the region between 300 and 100 hPa tends to be under-predicted in most areas of the globe for all seasons. This height range is where the ozonesonde measurements show the most variability. Interestingly, we have found that use of sigma coordinates caused an excess of ozone influx in regions of high topography, such as over the Himalayas and Greenland. This resulted in too much upper tropospheric ozone in the northern hemisphere. Changing to the hybrid coordinate reduced the flux. Figure 1 shows seasonally averaged vertical profiles for two stations, Churchill (59 • N, 94 • W) and Hohenpeissenberg (48 • N, 11 • E).
In general, the agreement with all the stations is quite similar. Some ozonesonde stations show a summer model overprediction in the lowest levels. This may be due to the dilution of emissions over relatively large grid squares where ozone production is more efficient at lower mixing ratios (Liu et al., 1987) .
To examine the model performance in the tropics where deep convection and lightning play a role in the distribution of ozone, the SHADOZ dataset (Thompson et al., 2003a,b) was used. Figure 2 shows a comparison of seasonally averaged SHADOZ temperature and ozonesondes measurements at four stations in the South Pacific with GEM-AQ results for 2001. There is an over-prediction in this region, likely due to an incorrect diagnosis of deep convective cloud, and therefore the generation of ozone from lightning generated NO x is not captured correctly. The individual ozonesonde profiles (not shown here) indicate that this may be the case.
Comparison with ozonesondes gives detailed vertical resolution, but over a limited spatial region. Another method to evaluate the model is to compare ozone data with more limited vertical resolution but much more comprehensive horizontal spatial coverage. For this aspect of the study we have compared model results with tropospheric ozone columns from GOME, a nadir viewing instrument on ESA's ERS-2 satellite. GOME tropospheric data have been validated against contemporaneous ozonesonde data (Liu et al., 2005 (Liu et al., , 2006 .
Both GOME and GEM-AQ tropospheric columns are calculated using a tropopause determined by combining the dynamic tropopause in the extratropics and the thermal tropopause near the equator (Liu et al., 2006) . In order to account for the different spatial resolutions of the GOME (960 by 80 km) retrievals and GEM-AQ runs, model output profiles corresponding to the model grid cells overlapping each GOME pixel were interpolated onto the GOME vertical levels, then averaged using the relative surface area of the corresponding GOME pixel and the GEM-AQ cell intersection as a weight. The model was sampled within 3 hours of the GOME observing time. The GOME averaging kernel was then applied to the averaged model profile, and the tropospheric column calculated by integrating the transformed profile up to the tropopause level. Finally, all the column data (GOME and model) were mapped onto the model grid by the same area-weighting method, and the monthly means obtained. Figure 3 shows the GEM-AQ, GOME and GOME-GEM differences in tropospheric ozone column for April, July and October, 2001. In April, GEM-AQ under-predicts in the high northern latitudes (>30 • N) with differences of 5-10 DU (<20%). This agrees with the comparison with the ozonesondes. In the tropical ocean regions, GEM-AQ has ozone columns as large as 15 DU (about 80%) too large compared with GOME. This is consistent with the results compared with SHADOZ. For southern latitudes GEM-AQ has differences less than 10 DU (overprediction <40% and underprediction <20%). For July the pattern is much the same, although a plume off the coast of China is not captured by the model. For October, GEM-AQ over-predicts by 5-10 DU (up to 30%) over most of the globe. Only over the southern Pacific does the disagreement reach 15 DU (about 60%). This might be because GEM-AQ is not capturing the timing and distribution of NO x generation by lightning, as mentioned above. The method that we have adopted relies on the modelled deep convective cloud, which may put too much NO x over the ocean.
Many of the important processes involved in the study of air quality take place near the surface. Surface data gathered from the World Data Centre for Greenhouse Gases (http: //gaw.kishou.go.jp/wdcgg.html) provides an opportunity to analyse the model's performance in detail. Figure 4 
Carbon monoxide
The main source of carbon monoxide in the atmosphere is from oxidation of hydrocarbons while primary emissions, from incomplete combustion, contribute less than half of the total source . Carbon monoxide has a chemical lifetime of a few months or longer in the troposphere, depending on latitude and season. It can be a very useful tracer of the resolved transport, but is also impacted, of course, by large scale convection and transport in the planetary boundary layer. Thus, a comparison with observations serves as a useful diagnostic of both transport and emissions in the model. In the following section we compare monthly averaged model results with the CO monthly averaged level 3 data from the MOPITT instrument (Drummond, 1992; Drummond and Mand, 1996) on the NASA Terra satellite. MOPITT is a nadir viewing instrument and, like GOME, has limited vertical resolution and is most sensitive at about 500 hPa. For this study we compare with the CO volume mixing ratio data obtained from the MOPITT instrument for 500 and 850 hPa. The MOPITT kernel has been applied to the GEM-AQ data. Figure 5 shows the 500 hPa data for January and October, 2002 for GEM-AQ and MOPITT. To generate these figures, all the points were used regardless of the contribution from the a priori. For most times of the year, GEM-AQ captures the general pattern of the measured CO quite well. In January there is good agreement between GEM-AQ and MOPITT data at 500 hPa, except over South America, where GEM-AQ over-predicts. The emissions in this region do not look excessive, but January is a period of strong convection in this region and the model may be transporting too much CO to the higher levels.
In October, GEM-AQ completely misses the heavy biomass burning that occurred over Indonesia (Edwards et al., 2006) since it uses climatological emissions. In the Southern Hemisphere the signal from biomass burning over southern Africa is too small compared to MOPITT data. In the northern hemisphere, the GEM-AQ results are mostly a priori, which gives less variability than if the kernel was not applied to the model data. Figure 6 shows the MOPITT CO mixing ratios for the 850 hPa level for the same months as Fig. 5 . Because of the shape of the kernel functions, we note that the results for 850 hPa are strongly influenced by the 700 to 500 hPa region. This gives the impression that the surface emissions were shifted south in Africa, but when the kernel is not applied to the model data, the strong signal from emissions in west Africa can be seen where it is expected. The kernel also increases the GEM-AQ CO levels over Amazonia due to the influence of the higher levels.
For October, the 850 hPa GEM-AQ CO mixing ratios are too low by about 20%. In particular, CO values are low over the northeast coast of China and Indonesia and most of the southern subtropics except for Amazonia. Figure 7 shows the correlation diagrams for the same months at 850 hPa, using only points where the a priori is less than 50%. The regions noted are continental only, except for the global region, which is the entire domain. These plots confirm the overall good agreement between the model and MOPITT observations for January and the marginal agreement for October.
Nitrogen dioxide
The NO x family is important for the generation of ozone in the troposphere. It has a relatively short lifetime (less than a week), so it is closely linked to emission sources. NO and NO 2 are closely related and the daytime ratio of NO to NO 2 rapidly increases with height in the troposphere, so that most of the NO 2 is concentrated in the first few kilometres. These characteristics allow the retrieval of NO x emissions from space . The SCIAMACHY instrument (Burrows et al., 1995; Bovensmann et al., 1999 ) on ESA's Envisat performs measurements in the UV-vis and near IR using solar occultation, limb viewing of scattered light and also observation of scattered light in the nadir direction. In the latter mode it is similar to GOME but has a higher horizontal spatial resolution (typically 60 km×30 km).
In this section we compare the NO 2 tropospheric column measurements from SCIAMACHY with the GEM-AQ column NO 2 . Tropospheric NO 2 columns are retrieved from measurements of SCIAMACHY in three steps. First, the total absorption of NO2 along the light path (slant column) is determined using the differential optical absorption spectroscopy (DOAS) method. In the second step, the stratospheric component of the NO 2 is removed by subtracting the signal over the clean Pacific sector. Finally, the light path is accounted for by application of airmass factors based on a priori assumptions and radiative transfer modelling and a vertical tropospheric column is calculated. Details on the retrieval and the assumptions made can be found in Richter et al. (2005) . To be consistent, NO 2 over the Pacific sector was also subtracted from the GEM-AQ results, although the stratospheric fields are from climatology as described earlier.
As a result, possible errors introduced in the satellite data from longitudinal variations in stratospheric NO 2 are not reproduced in the model data.
In Fig. 8 we present GEM-AQ and SCIAMACHY column data for September 2004 and January 2005 using a logarithmic scale because of the large variability of tropospheric NO 2 . The SCIAMACHY tropospheric column was computed by subtracting the total column over a clean reference sector in the Pacific, between 180 • and 220 • E. This column is assumed to be the stratospheric contribution only. For comparison with GEM-AQ, the SCIAMACHY data is shown on the same 1.5 • ×1.5 • grid. For the GEM-AQ results (sampled within 30 min of satellite overpass), the same clean reference sector method was used. The tropospheric column was also computed using the thermal tropopause and was found to be about 25% higher than the clean sector method in relatively unpolluted regions and through the tropics. This may suggest the reference sector in GEM-AQ has an excess of tropospheric NO 2 , perhaps from lightning emissions. Martin et al. (2002) , also show non-zero tropospheric columns of NO 2 in their model simulation over Pacific.
In Fig. 8 , over North America and Europe, where anthropogenic emissions dominate, the agreement is good for both September and January. However, column NO 2 over China is underestimated by an order of magnitude in January 2005 and to a lesser extent in September 2004. We note that emissions over China have significantly increased since 1990 (EDGAR inventory year). This can be seen from the satellite data (Richter et al., 2005) and also from bottom-up estimates In Africa and South America, the values are generally underestimated. In this region, using the thermal tropopause to determine the column gives better agreement. Again, this is probably due to an excess of lightning NO x in the reference sector. In January, a low density plume can be seen from North America over the Atlantic by both the model and observations. Figure 9 presents correlation diagrams between SCIA-MACHY and GEM-AQ for September 2004 and January 2005 for the entire domain (globe) and for North America, South America, Europe, Africa and China, for which only data points over the continental surfaces were selected. The large scatter for low columns is not surprising, as the random noise in the SCIAMACHY NO 2 measurements is of the order of 5×10 14 molecules/cm 2 standard deviation for individual measurements. In addition, there are uncertainties in the airmass factor which are largely multiplicative and are 40 to 60% over polluted regions.
For September and January the global picture is that SCIAMACHY NO 2 columns are relatively high compared to GEM-AQ. At the low end of mixing ratios there is more variability, as might be expected. A perusal of the individual regions reveals the source of the bias. For China and Africa, both January and September exhibit strong biases for NO 2 columns above about 1−2×10 15 molecules/cm 2 but for smaller columns there is relatively good agreement. It can be noted that the SCIAMACHY values for South America have a smaller variability than the GEM-AQ values. For North America there is quite good agreement. The bias over Africa is reduced when the NO 2 tropospheric column is computed using the thermal tropopause rather than the clean sector method. This is not the case over China, indicating the anthropogenic emissions used in the simulation may be too low. GOME and SCIAMACHY see a 50% increase in NO 2 columns over Eastern China in the period -2004 (Richter et al., 2005 .
Other species
Global coverage of species other than O 3 , NO 2 and CO is not as readily available. However, aircraft campaigns can provide a local but comprehensive chemical picture of the troposphere. While the aircraft campaigns are for a specific weather situation not covered by our simulation, they are still useful. We have addressed specific weather situations covering boreal forest burning in Quebec (O'Neill et al., 2006) and air quality in the recent European heat wave (Struzewska and Kaminski, 2008) . Nevertheless, to assess some of the other species in the model we have made a comparison with the chemical measurements of the TRACE-A campaign during 1992 (Fishman et al., 1996) . Clearly, since the years are quite different, we do not expect the same degree of agreement as one would aim for in a comparison of that specific time period. However, we do compare observations taken during TRACE-A from 21 September to 26 October 1992 with model results for the same period in 2001 so that the same general weather features might be present.
The results, averaged over the whole period for CH 3 Fig. 10a to l, respectively. The focus of the TRACE-A campaign was to study the cause and source of high concentrations of ozone over the tropical Atlantic Ocean between southern Africa and South America. This season is a period of intense burning of vegetation, resulting in high concentrations of ozone in this region. We note that 1992 was an extreme year for biomass burning, as shown by Schultz et al. (2008) . Overall, the averaged results during the period compare well for all species, including CO and hydrocarbons, considering that climatological emissions were used. The variability of the measurements is not seen in the model because of this, and values are slightly underpredicted. Too much methyl peroxide (CH 3 OOH) in the lowest layers and relatively good agreement of H 2 O 2 might indicate that the convective transport modelled is insufficient during this period, as CH 3 OOH is less soluble than H 2 O 2 and is able to be transported into the upper troposphere. The observed NO profile shown in Fig. 10g has the "c" shape that is associated with NO x from convection, while the model profile is not as clearly defined. This would indicate that there is insufficient convective transport and LNO x generation in the model.
Model metrics
One of the means of characterising the general properties of an atmospheric model is via its OH oxidation capacity, and for this two gases are generally useful, CH 4 (2006) we find τ CH 4 =7.7 years and τ CH 3 CCI 3 =4.6 years using tropospheric OH (below 100 hPa). These values are reduced to 7.0 years and 4.2 years when using total atmospheric OH. The IPCC report (IPCC, 2001) gives a lifetime of 9.6 years for CH 4 (8.4 years including stratospheric and soil losses) and 5.7 years for CH 3 CCl 3 . In a multi-model study, Stevenson et al. (2006) found CH 4 lifetimes ranging from 7.5 to 10 years.
Another important metric for a tropospheric model is the ozone budget. Based on a 4 • ×4 • simulation for the year 2001 we have calculated the global tropospheric ozone budget in GEM-AQ and compared it with results from Stevenson et al. (2006) . In order to make the comparison consistent, we defined our troposphere in the same way as in the aforementioned study, i.e., the region where monthly mean ozone is <150 ppb. The net chemical production thus calculated is 417 Tg (O 3 )/yr (compare with 442±309 in the multi-model study), the dry deposition is 815 Tg (O 3 )/yr (compared with 1003±200), and the burden is 384 Tg (O 3 ) (compare with 344±39). The stratospheric influx of ozone, based on balancing the loss and production terms, is estimated to be 398 Tg (compare with 552±168). Observed correlations with other gases suggest a stratospheric influx of about 475 Tg (O 3 )/yr (Murphy and Fahey, 1994; McLinden et al., 2000) .
Discussion and conclusions
In this study we have focused on the large scale properties of the presented modelling system. This limited comparison indicates that GEM-AQ is, in general, able to capture the spatial details of the chemical fields in the middle and lower troposphere. The comparison with GOME and SHADOZ shows the largest discrepancy over the tropical oceans. Some of the problem may be due to our treatment of deep convection and resulting lightning NO x emissions. A more detailed study of the modelled convective activity is under way. Other limitations may be due to the use of seasonally averaged biomass burning emissions. We have developed an emission system for boreal and tropical fires based on monthly biomass burning emissions at 1 • ×1 • spatial resolution for year 2004 from the Global Fire Emission Database version 2 (GFEDv2) but distributed into hourly emissions using fire counts from the Geostationary Operational Environmental Satellite (GOES) Wild Fire Automated Biomass Burning Algorithm (WF ABBA) fire product as weighting factors (Lupu et al., 2008 1 ). This work also showed sensitivity to the height distribution of emissions. For the simulations presented here, the biomass burning emissions were injected into the lowest layer only. Another reason for the large ozone values in the tropics and low values in the northern hemisphere may be due to a weak Brewer-Dobson circulation in the model. The top of the model is at 10 hPa, which may not be high enough to produce realistic circulation.
The comparison with surface observations highlights the advantage of an on-line model. The meteorological and transport signatures of ozone are well captured, but the climatological emissions used for this simulation do not capture any specific emission event which deviates from the general background values. In addition, our emissions are released into a 1.5 • ×1.5 • grid square which for industrialized regions dilutes the NO x emissions and makes for more efficient ozone generation, as in much of the domain the gener-ation of ozone is NO x -limited (Liu et al., 1987) . The comparison of model NO 2 results and SCIAMACHY measurement data show that the overall patterns agree, the satellite data see more transport and higher values in background regions and the satellite data see larger column in polluted areas, in particular over China. Overall, the comparison of carbon monoxide and nitrogen dioxide output with MO-PITT and SCIAMACHY measurements emphasizes the need for more accurate, year-specific emissions rates for biomass burning and anthropogenic sources.
In the development of the model we have tried to be as internally consistent as possible when using transport information for the tracers: for example, for boundary layer transport we use the mixing coefficients from the physics module. However, for large scale convective transport we are using the Kuo scheme for the dynamics while using ZhangMcFarlane for the tracers. We have commenced a study where we will use a Kain-Fritsch scheme modified for large scales for the dynamics, transport and lightning generation. At the same time we will implement in-cloud removal of gas species to reduce the overestimation of tropospheric HNO 3 . Also, in order to address the issue of the upper boundary conditions, we are extending the model to 0.1 hPa and including stratospheric chemistry. 
